Can insects transmit information about a threat through a physical barrier they cannot cross? While the emission and detection of alarm pheromones is the universally accepted mechanism of panic communication, there are still open questions about the specific pheromones and type of ant-to-ant contacts involved in specific scenarios, and how relevant is the role of non-chemical communication.
Introduction
One of the first attempts to demonstrate that ants are able to transmit danger information to other ants was reported in 1881 by Sir John Lubbock. To investigate the matter, he used state of the art technology of his day: the telephone. He "disturbed" a nest of Lasius niger having a telephone held close over the nest. A second telephone was placed at a nearby nest of the same species, assuming that, if any audible danger signal was transmitted through the telephone line, "the ants in the other nest ought to have been thrown in confusion". Unfortunately, the author did not find any evidence of it 1 . More than 130 years later, the subject of how ants communicate danger is still not fully understood.
Ants are known to use a wide variety of mechanisms for communication [2] [3] [4] like acoustic signals 5 , tapping 6 , oral transfer of substances (trophalaxis) 7 and even "simple" physical contact 8 . However, there is consensus that the emission and detection of specific chemicals called pheromones is their main communication mechanism 9, 10 . In fact, ants use different pheromones to transmit information related to scenarios spanning from foraging to danger. Communication mechanisms are further complicated by the fact that the effects of pheromones are caste, age, and context-dependent 11, 12 . In particular, the reaction to alarm pheromones may be either "Flight" or "Fight": in the first, the receivers escape from the source of danger, while in the second they are attracted to, and eventually attack, the threat 13, 14 . However, which of the two is triggered by the pheromone depends on many factors, such as the pheromone specific chemical composition and concentration, the spatial context where the emission and detection takes place, and the age of the participating ants 2, 15, 16 .
The eventual touching between the antenna of two ants, known as mutual antennation, is believed to allow recognition of members of the same nest 2 -a process involving both sensing and emission of chemical signals 17, 18 . Other uses of mutual antennation are the subject of debate, like the possibility of communicating nestmates the correct (and incorrect!) foraging paths 4, 8, 19 . One unanswered question, for example, is whether ants can transmit any danger information by mutual antennation. Our previous research on foraging ants submitted to a localized perturbation suggests that danger information is not transmitted by mutual antennation over large distances 20 : a short-range study is necessary.
Here we investigate the transmission of information from a group of ants located into a first physical space were they are experiencing danger associated to an insect repellent, to ants located into a different physical space. Our experiments reveal that "panicked" ants of the species Atta insularis [20] [21] [22] locked into an arena where the repellent is injected, are able to transmit danger information to ants in a safe arena, located on the opposite side of a separating barrier. Instead of being "thrown in confusion" (or trying to help their endangered nestmates) the ants in the safe area react by moving away from the barrier. Experiments performed with different types of barriers suggest that visual clues and mutual antennation are not the ways danger information is transmitted: "body search" seems to be needed -with emphasis in legs.
Results
A system consisting in two-cells separated by a barrier was designed to probe the possible transmission of danger information by ants in one cell to ants in the other cell through an obstacle -see Fig.1A . In a typical experiment, ants are deposited in both cells, which are filmed during 5 minutes. Then, an insect repellent is added at the center of the DANGER cell, and another 10 minutes of film is taken. In a CONTROL experiment, the same procedure is followed, except for the fact that no ants are introduced into the DANGER arena. We hypothesize that, if ants in the SAFE arena move away from the barrier after the addition of the repellent a significantly larger distance than they do during a CONTROL experiment, DANGER information has been transmitted by the "panicked" ants in the DANGER cell to the ants in the SAFE cell, beyond any "passive" diffusion of the repellent through the barrier.
In an attempt to understand the details of the possible mechanisms of danger information transmission, we use different kinds of barriers (see section "Experimental details"). The GLASS barrier is a glass wall, the THICK barrier is made in such a way that ants from both sides of the barrier can touch their respective antennas, but cannot antennate the bodies of individuals in the opposite arena (Fig.1B) , while the THIN barrier does allow it (Fig.1C, D) . The experiments are performed in workers of the ant species Atta insularis, called bibijagua in Cuba.
Collective behavior: response of the center of mass After converting the video images to binary format, we track the Center of Mass (CM) of the black pixels (assumed to be proportional to the presence of ants) in both cells for each protocol. As illustrated in Fig.2 , A to C, for typical experiments in the 2D Arena, the motion of the CM at the DANGER cell is always near its geometrical center, independently from the protocol used. A similar situation holds for the SAFE cell, with the conspicuous exception of THIN, where the CM of mass tends to move away from the barrier starting a few seconds after the repellent is added to the left cell. Fig.2 , E to H shows the time evolution of the x-position of the CM at the SAFE cell, corresponding to the average between 10 repetitions of each type of experiment (the plotted data is tabulated in table TableA1 as Additional Information, where x i and x f are the initial and final potisions of the CM, respectively). . We indicate the motion of the ants center of mass by green, blue and red traces corresponding to consecutive 5-minutes time windows from the start of an experiment (the snapshots were taken at the end of each experiment). From (E) to (H) we indicate how the center of mass (averaged over 10 repetitions) evolves in time along the horizontal direction inside the right (SAFE) cell for each protocol (x = 0 is taken at the center of the cell). Light-colored shadows indicate the standard deviation from the mean. Notice that a repellent is added to the left (DANGER) cell at t = 5 minutes into the repellent reservoir seen as a white spot in (D). (I) Net horizontal motion of the ants "center of mass", based on 10 repetitions of each type of experiment. The data was analyzed based on two k-sample t tests described in detail in the Statistical Analysis section.
DANGER SAFE
After each experiment is replicated 10 times, we quantify the motion of the CM in the SAFE cell by plotting its net displacement, calculated as the difference between its final and its initial positions averaged over the 5th and 15th minutes of the experiment, respectively (averaging over the first and the last 5 minutes yields qualitatively similar output). The results are plotted in Fig.2I , and corroborate the picture suggested by Fig.2 , A to H: Only in the THIN protocol, the addition of repellent at the DANGER cell induces an "escape response" in the ants trapped in the SAFE cell.
The fact that the net displacement of the CM in the THIN protocol statistically differs from the other ones was demonstrated using the Mann-Whitney non-parametric test 23 (see Statistical Analysis section). With this we are also saying that the CONTROL experiment shows that the mere diffusion of the repellent from the DANGER to the SAFE cell does not produce a significant shift of the CM in the SAFE cell. So, the "escape response" at the SAFE cell is mediated by some kind of danger information transmitted by panicked ants at the DANGER cell, to the ants at the SAFE cell. Fig.2C also reveals an interesting behavior the ants in the SAFE arena follow as they escape from the barrier after addition of repellent in the DANGER cell: they often cluster together at a certain distance from the barrier, avoiding touching the other three walls of the SAFE cell. The retreat process is gradual, taking from 5 to 10 minutes, measured as the saturation time in a curve like the one shown in Fig.2G . Such behavior is quite different from the immediate reaction seen in ants when directly exposed to insect repellent 21 .
Individuals in the crowd
Having established that only the THIN protocol promotes the propagation of danger information through the barrier, we study in detail the individual behavior of ants confined in the SAFE cell of the 2D arena only using thin barriers. 60 randomly selected ants were tracked manually during different repetitions of the THIN protocol: 50 and 10 individuals from the SAFE (right) and DANGER (left) cells, respectively. Fig.3A illustrates typical trajectories of just one ant in the DANGER cell and one ant in the SAFE cell. The color code is the same as the one used before: green, blue and red correspond to the first, second and third 5-minute periods of an experiment. The trajectories suggest that ants at the DANGER cell tend to move away from the center of the cell as soon as the repellent is added (i.e., after the first 5 minutes of the experiment), and rapidly tend to concentrate near walls, especially near the wall separating both cells. This behavior seems to be related to the existence of slits in the separating wall, while the other three walls are smooth. The tendency to explore the boundaries is consistent with the interpretation that the ants seek to escape from the DANGER cell, and are in an alarm (or panic) state. In some occasions, we observed that ants in the DANGER cell walked near the walls revolving around the center either clockwise or counterclockwise, reminiscent of classical patterns observed in army ants when moving in featureless arenas 24 and in "marching locusts" 25 .
More importantly, Fig.3A also reveals that the trajectory of a typical ant in the SAFE cell shows a qualitatively different kind of motion: each ant follows a spatially complex path which includes eventual excursions to explore the barrier after the addition of the repellent in the DANGER arena: for example, one exploration to the zone near the barrier is seen in Fig.3A occurring during the second 5 minutes of the experiment -blue line. However, the change in average position of the ant between the beginning and the end of the experiment is not random: it will be quantified using a graph we have called "touch-and-go" plot (T &G). The idea behind the T &G plot is to examine the correlation between the averaged final and initial positions of the ant, and the time it spends in excursions to explore the barrier during a given experiment or section of an experiment. In other words: T &G plots indicate how important is the potential information an ant receives at the barrier, to decide what will be its "final destination" inside the SAFE cell.
The T &G plots for individuals in the 2D experiments, is shown in Fig.3 , B and C. Such graphs are constructed in the following way, based on the tracked trajectory of an individual ant: the total time spent by the ant near the barrier (i.e., at a distance from it equal or smaller than half body length) is plotted in the horizontal axis of the T &G graph, while the net displacement perpendicular to the barrier during the time window of interest, is plotted along the vertical axis (notice that such plots give information of ants in the safe zone being near the barrier, but we do not know if nestmates were simultaneously on the opposite side of the barrier at the DANGER arena). We have made T &G plots for the first 5 minutes of the experiment, before the addition of the repellent (Fig.3B) , and for the last 10 minutes of the experiment, where ants in the DANGER cell are in panic (Fig.3C) . The displacement for the first 5 minutes of the experiment (i.e., before the addition of the repellent in the DANGER cell) was calculated as ∆x be f ore = x 4−5min − x 0−1min , where the first and second terms in the right side of the expression are time averages of the horizontal position of the ant between minutes 4 and 5, and during the first minute of the experiments, respectively. The displacement for the last 10 minutes of the experiment (i.e., after the addition of the repellent in the DANGER cell) was calculated as ∆x a f ter = x 14−15min − x 4−5min where the first and second terms in the right hand of the expression are time averages of the horizontal position of the ant during the 15th and the 5th minutes of the experiment, respectively (averaging the first 5 minutes and last 5 minutes yields qualitatively similar results). Notice that these displacements are represented as the size of the vertical segments in the T &G plots.
The T &G plot for the first 5 minutes of the experiment (Fig.3B) shows that the ants in the SAFE cell either approach or move away from the barrier. That behavior includes ants that spent time near the barrier (open circles) and also those that never got near it (gray circles). If displacements are averaged over all tracked ants, we get zero, with a standard deviation represented by the horizontal gray band in the graph. Notice that some ants have spent lapses with a total duration somewhat larger than 110 seconds near the barrier.
The T &G plot for the last 10 minutes (Fig.3C ) reveals a completely different situation for the ant dynamics in the SAFE cell: most ants spend substantially smaller times near the barrier, and show a net motion away from it. It results in an average displacement over all the tracked ants of approximately 1cm, indicated by the dotted horizontal line in Fig.3C . Interestingly, the retreat from the barrier is not a behavior exclusive of the ants that visited it (open circles) but also of some of those that were always far from it (gray circles): it strongly suggests that danger information is not only transmitted through the barrier from the DANGER to the SAFE arenas, but also within the SAFE arena. So, the collective reaction in the SAFE cell shown in Fig.2 , C and G may be due to a combination of two factors: the escape of individuals away from the barrier after acquiring danger information that tunnels through it, complemented by the influence of those "informed" ants on nestmates that never got near the barrier either by pushing them or by passing some "chemical cue" to their nestmates in the same arena. This constitutes a peculiar combination of individualistic and (possibly) altruistic behaviors. We underline that ants in the SAFE arena touching the barrier are able to sense the danger transmitted from nestmates in the DANGER side, but they move away instead of trying to help them or attacking the possible threat.
All Touch-and-go graph for 50 ants corresponding to the first 5 minutes of experiment (i.e., before the addition of the repellent in the DANGER arena) (C) Touch-and-go graph for 50 ants during the last 10 minutes of the experiment (i.e., after the repellent has been added to the DANGER arena). In (B) and (C), the horizontal axis represents the total time spent near the barrier, and the vertical one measures how much distance an ant has moved away from the barrier during the time of the experiment. Open and gray circles correspond to ants that spent time near the barrier and to those that never got near it, respectively. information over meter-long distances in a foraging line 20 , it may be concluded that the transmission of danger information between individuals is a short-ranged phenomenon (where short-ranged may be defined as a few body-lengths).
Communication through the barrier between isolated individuals
In order to gain further understanding on the mechanisms of danger information transmission through the barriers, we performed experiments in a Quasi-1D setup (Fig.6B) . We followed protocols analogous to the THIN and CONTROL ones explained above, but introducing just one ant per cell.
The Quasi-1D results are quantified in T &G graphs modified to underline the role of ant-ant communication at the barrier, that we will call Ant-Ant-T &G plots. There, the total contact time near the barrier is counted only when there are ants near the barrier simultaneously at both sides of it. Fig.4B shows the Ant-Ant-T &G plot before adding repellent. As in the case of Fig.3B , there was very little average motion of the ants away from the barrier before injecting the repellent fluid in the 5/11 DANGER arena. Fig.4C displays the Ant-Ant-T &G plot after adding repellent. The basic tendency to move away from the barrier seen in Fig.3C is confirmed here. However, there are some differences: both the total shift away from the barrier and the total time spent near it are larger in the Quasi-1D experiments than in the 2D ones. One possible explanation is that the absence of nestmates sharing the SAFE cell facilitates repeated explorations of the barrier, and also make easier the escape from it: single ants move more freely than when they share their space with nestmates. Moreover, if we compare Fig.4C with the simple T &G graphs for the Quasi-1D experiment after addition of repellent, we see that shorter times spent near the barrier when ants are on the other side (Fig.4C) results in large net shifts away from it: this adds extra evidence supporting the fact that ant-to-ant contact through the barrier is crucial to provoke the escape reaction of the ants located in the SAFE zone. In the next section we further discuss the possible mechanisms involved.
Finally, Fig. 4D displays the difference in the net horizontal motion of the ant in the SAFE cell for THIN and CONTROL quasi-1D experiments, averaged over 20 repetitions. Again, the Mann-whitney non-parametric test was applied 23 (see Statistical Analysis section), which demonstrated significant difference between the average position shift. As in the case of the 2D experiments, it becomes clear that the presence of an ant in the DANGER arena significantly increases the motion away from the barrier of the ant in the SAFE arena.
Interactions at the barrier A final set of observations were made to further understand the specific mechanism of danger transmission through the barrier.
Firstly, 8 out of the 20 experiments involving individual ants were chosen: those that showed the biggest net retreats of the ant in the safe arena after interacting in any way with the barrier or with the ant in the danger arena. In order to establish a quantitative criterium, we chose the 8 videos where the net shift away from the barrier was above the average of the 20 experiments, which was of approximately 1.6 cm. We defined a contact as any situation where the center of mass of the ant in the SAFE arena is less than 0.5 cm from the barrier (i.e., the ant is within one body length from the barrier). Firstly, from the 8 videos mentioned above, all the contacts were automatically registered before and after the repellent was applied. Then, from each of the 8 videos, we selected the contacts that were immediately followed by a motion of 5 cm or more away from the barrier, resulting in an average 9 ± 1 contacts per video. Those interactions are assumed to be the most influential in the ant escape behavior. All in all, we studied a total of nearly 70 events (50% of them before and 50% after application of the repellent).
The horizontal axis in Fig.5 shows the different kinds of interactions that were observed in each contact. Situation 1 shows the case when the ant in the safe arena simply caresses the barrier with its antennae. Situation 2 is given when the ant explores The data was analyzed based on two k-sample t tests described in detail in the Statistical Analysis section.
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with the antennae through the barrier. Situation 3, when mutual antennation occurs. Situation 4, when the ant on the safe arena touches with its antennae at least one leg of the ant in the danger arena, and Situation 5 shows the inverse of the latter. While antennating the ground of the safe arena near the barrier is also a possibility (perhaps checking if some chemical has been sprayed through the barrier from the danger arena), it was not systematically observed. The vertical axis in the lower row of Fig.5 is the probability of these interactions happening. It is obtained by dividing the amount of interactions of a given type, by all the interactions within the same period (i.e., the first 5 minutes or the last 10 minutes of the experiment). The red bars stand for the first 5 minutes and the blue ones, for the 10 last minutes. The white stripe within the boxes stands for the median and the extremes of the boxes for the 25% and 75% quantiles, being the dots outside the boxes the outliers. We applied a Mann-Whitney test with a significance level of 0.05, to each given type of interactions in order to find possible differences between the behavior prior and after applying the repellent. The graph reveals that only for Situation 4 there is a significant change in ant behavior after the injection of the repellent.
Discussion
The use of different types of barriers in our experiments allows us to eliminate a number of possible mechanisms of panic transmission. First of all, the absence of statistically significant motion away from the barrier in the GLASS experiments demonstrates that optical signals generated by the panicked ants within the DANGER arena do not transfer information to the ants in the SAFE arena. Interestingly, our results based on the use of a thick barrier, where antenna-antenna touching is the only way we observed of ant-ant physical contact (Fig.1D ) also suggest that pure mutual antennation is by itself not enough to transmit effective alarm signals.
Then one possibility is that ants in the DANGER arena generate a certain combination of chemicals which are detected by nestmates touching them through the barrier. The first candidates are alarm pheromones secreted by the mandibular glands when mandibles are opened 26 . However, ants in the safe area did not display the typical behavior observed in Atta foragers in response to their own alarm pheromones (possibly 4-methyl-3-heptanone) 16 . No other kinds of alarm behavior like rapid walking with open mandibles, attacking the source of odor (the barrier, in the case of the SAFE arena), or rapid walking with intense movement of the antenna were observed 27 . Finally, the "rescue behavior" recently seen in other ant species exposed to either their own "help pheromones" or just in the presence of other ants in danger was not observed in our experiments 28, 29 . Fig.5 suggests that the only kind of interaction that substantially increases in importance after the addition of the repellent is the antennation of ants in the safe area on the legs of ants in the danger area (Situation 4, p = 0.005). Interestingly, Figure  5 indicates that Situations 1, 2, 3 and 5 do not show any statistically increase after addition of repellent, so they have little chance to be responsible for the transmission of danger information. Our observation that the antennation by the ants in the SAFE arena to the legs of ants in the DANGER arena is the most frequent type of contact at the barrier introduces a number of plausible explanations. One is that specific chemicals emitted by some of the several exocrine glands located in the legs 30 of the panicked ants may provoke the retreat of their nestmates on the SAFE arena. The second is that panicked ants in the DANGER arena carry to the barrier, especially in their legs, the scent of the repellent fluid used in the experiments, so it is more easily detected by ants on the other side by antennating their panicked nestmates through the bars -which is more a danger cue than true communication. In any case, such interest in extracting information from the legs is consistent with an observation of Wang et al. 18 referring to Iridomyrmex purpureus ants: "workers paid more attention to the antennae of the non-nestmate and the legs of nestmates".
We have also established that the receptors of danger information eventually tend to aggregate together in the SAFE arena, moving away from the source of panic, a behavior very well known in very distant species, like fish when detecting an alarm odor 24, 31 . In our case, the clustering may help the protection of individuals from the threat, but certainly restricts the possibility of exploring systematically the source of danger information, which is more freely tackled by individual ants.
In summary, our experiments reveal that ants confined in an arena that are directly submitted to a threat (an insect repellent, in our case) show a distinct, fast reaction to escape from the source of danger. These "pacnicked" ants seem to transmit information to nestmates into a safe area only if the physical obstacle separating the two arenas is so that ants in the safe arena can antennate different parts of the bodies of their panicked partners, especially their legs. Optical signals or pure mutual antennation do not seem to be the relevant mechanisms for information transmission. Furthermore, the informed ants in the safe arena are not "thrown in confusion" 1 . Their reaction is opposite to it: in average, they move away from the barrier over a time span of the order of minutes, clustering at a certain distance, while individuals eventually detach from the cluster to examine the barrier, and return. The transmission of information from the ants in the danger side may or may not be truly altruistic, but the reaction of the ants in the safe area indicates a non-altruistic behavior. Type of interaction Fig.6B , and consists in a modification of the 2D setup where only a section of the THIN barrier is used. We call it quasi-1D setup. The 2D setup is used to study collective behavior, as follows: groups of approximately 25 freshly collected workers of Atta insularis [20] [21] [22] are introduced into each of the two cells separated by a barrier. The cells are covered by glass plates. After 5 minutes, 50 micro-liters of Citronella insect repellent 21 is injected at the center of the left cell through a 1mm-diameter hole in the covering plate (the repellent is absorbed by a cotton blob stuffed into a 1-cm diameter porous cylinder 3D-printed as part of the cell). The left and right cells will be referred to as DANGER and SAFE, respectively. We term our protocols GLASS, THICK and THIN, corresponding to the use of barriers shown in Fig.6. Fig.2, A , B and C shows snapshots of GLASS, THICK and THIN experiments, respectively. Finally, the CONTROL protocol is similar to THIN, except for the fact that the DANGER cell is always empty of ants (the repellent is added just as in previous protocols). Fig.2D shows a snapshot of a control experiment. The cells are thoroughly cleaned with an ethanol-water solution previous to experiments.
The Quasi-1D setup is used for individual behavior experiments. The protocol followed is basically the same described above for the THIN barrier, except for the fact that only one ant is introduced into each of the two cells.
The cells where fabricated from Durus White 430 polymer, using an Stratasys Objet30 3D printer. Data were collected using 5 colonies of Atta insularis located in different neighborhoods of La Habana, Cuba. Collections and experiments were made during different times along 2015, 2016 and 2017, including all seasons. Worker ants were picked up one by one by hand from fully developed foraging lanes, within 21:00 and 24:00 hours, and introduced into plastic cylindrical containers of 5 cm diameter and 20 cm height, used to carry them to the laboratory. The collected individuals had an average body length of 8 mm, with minimum and maximum values of 4 mm and 12 mm, respectively. All tests were performed in temperature conditions ranging from 27 and 31 0 C. Collected ants were poured into the DANGER and SAFE cells approximately 30 minutes after collection in order to minimise the stress associated to removal from the foraging trail, and the experiment started .
The insect repellent used (Citronella) was produced by Labiofam (La Habana, Cuba). Citronella is the name given to an essential oil obtained from the leaves and stems of different species of Cymbopogon (lemongrass). While its exact action 3 , the injection hole through the glass has a diameter of 1 mm, and the cylindrical repellent reservoir has a diameter of 1 cm). Lower panel: sketch of the three types of barriers used for the protocols GLASS, THICK and THIN. The latter is also used for the CONTROL protocol. (B) The quasi-1D setup, consisting in a modification the 2D one where only the thin barrier is used (here, the dimension of the DANGER cell are 4 × 2 × 0.65 cm 3 and of the SAFE cell are 6 × 2 × 0.65 cm 3 ) mechanism is not fully understood, it is clear is that Octopamine (OCT) is the target for essential oils activity in insects. Its presence has a correlation with active or stressful behavior and it is called the insects "fight or flight" hormone 32 . Based on the behavior that we have observed in our experiments, "flight" seems to be what is happening to the ants in the DANGER arena after the repellent is added -no "fight" signals are observed. When a stressful situation arises, ants' octapaminergic system gets turned on by an increase in octopamine secretion. Essential oils components (such as those on citronella) mimic the effect of octopamine by binding the octopamine receptors 33 . Hence, we may say that our ants are reacting to the repellent in a similar fashion that they would to a (generic) source of danger.
Statistical analysis
The statistical data analysis was performed using the software Wolfram Mathematica 11.0. In order to determine if the behavior of the THIN experiments was significantly different from those corresponding to the GLASS, THICK and CONTROL experiments we employed a Mann-Whitney technique for testing the null hypothesis that the samples come from the same population or from identical populations with respect to the average (related to data shown in 2I). The null hypothesis is rejected at the 5% level. So, using a significant level α = 0.05 and applying the test to the pairs THIN-THICK, THIN-GLASS and THIN-CONTROL separately, we find that the three p-values are 2 × 10 −4 , 2 × 10 −4 and 1 × 10 −4 , respectively. Then, the THIN protocol statistically differs from the others.
For the case of the quasi-1D experiments, the same test was applied with the same significance level, yielding a p-value of 0.005, which demonstrates the statistical difference between the CONTROL and THIN protocols also in the quasi-1D experiments.
For the case of the graph shown in Fig.5 , we also applied a Mann-Whitney test with a significance level of 0.05, to each given type of interactions in order to find possible differences between the behavior prior and after applying the repellent. The respective p-values are shown in Fig.5 . Other 6 tests were performed in order to check the same null hypothesis.
